Background-Opening of the mitochondrial permeability transition pore (mPTP) is a crucial event in lethal reperfusion injury. Phosphorylation (inhibition) of glycogen synthase kinase-3␤ (GSK3␤) has been involved in cardioprotection.
I schemic postconditioning is a phenomenon in which brief episodes of ischemia-reperfusion performed immediately after reflow following a prolonged ischemic period attenuate infarct size 1 . This cardioprotective effect has now been reported in several animal preparations and in the human heart. [1] [2] [3] [4] [5] Our group recently demonstrated that angioplasty postconditioning can reduce infarct size in patients with ongoing acute myocardial infarction. 5 Unfortunately, angioplasty postconditioning cannot be applied to most patients with ongoing acute myocardial infarction, so we need a pharmacological postconditioning mimetic that would protect all acute myocardial infarction patients when administered at the onset of reperfusion.
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Recent reports suggest that opening of the mitochondrial permeability transition pore (mPTP), which plays a crucial role in lethal reperfusion injury, may be inhibited by ischemic postconditioning. 2, 6, 7 Opening of the mPTP is favored by conditions set up by ischemia and reperfusion, including overproduction of reactive oxygen species, ATP depletion, and more specifically, accumulation of Ca 2ϩ in the mitochondrial matrix. After this last phenomenon, Ca 2ϩ stimulates the interaction of cyclophilin D (CypD) with a mPTP component, which triggers permeability transition. 8 -10 On the other hand, indirect evidence suggests that opening of the mPTP during reperfusion may be regulated by extramitochondrial activation/inhibition of several kinases, including the glycogen synthase kinase-3␤ (GSK3␤). [11] [12] [13] The constitutively active GSK3␤ is known as an important regulator of cellular function. 14, 15 Beside having a role in diabetes, inflammation, and cancer, GSK3␤ has been involved as a negative regulator of myocardial hypertrophy and as a key enzyme in the myocardial response to ischemia-reperfusion injury. [15] [16] [17] Tong et al 18 proposed that GSK3␤ was involved in preconditioning via its inactivation by phosphorylation at a specific serine residue (Ser9) located in its N-terminal domain. Gross et al 19 reported that the preconditioning-like cardioprotective effect of morphine was mediated by GSK3␤.
We hypothesized that GSK3␤ might be a key regulator of mPTP opening during postconditioning and might possibly act at the level of CypD. We therefore addressed whether GSK3␤-S9A mice, the cardiac GSK3␤ activity of which cannot be inactivated, could undergo any infarct size reduction by postconditioning and whether GSK3␤ might regulate mPTP opening at the level of CypD.
Methods

Animals
The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Genotyping of GSK3␤-S9A Mice
GSK3␤-S9A mice were bred from pairs kindly provided by Antos et al, 17 and wild-type (WT) mice C57BL/6J were obtained from Charles River Laboratories (L'Arbresle, France). Myosin heavy chain (MHC)-GSK3␤ transgene expression was assessed by polymerase chain reaction using genomic DNA isolated from transgenic and nontransgenic tail biopsies and primers: GSK, 5Ј TTG-GAC-TGT-GTA-GCC-GTC-TGC 3Ј, and hGH, 5Ј CAC-TCC-AGC-TTG-GTT-CCC-CAA-TAG-ACC 3Ј. The GSK3␤-S9A mutation was  confirmed by the spot at 700 to 800 bp (according to the protocol for  MHC-GSK3␤ genotyping by Antos et al 
In Vivo Model of Acute Myocardial Ischemia-Reperfusion Injury
WT and transgenic mice (male; 8 to 10 weeks old) were anesthetized by intraperitoneal injection of 0.3 mL/10 g body weight of a 1:1 mixture of fentanyl citrate (0.011 mg/mL) and midazolam (0.4 mg/mL) as previously described. 20 The animals were orally intubated with a 22-gauge vinyl catheter and ventilated via a rodent ventilator (model 687, Harvard Apparatus, Holliston, Mass) with a tidal volume of 0.2 mL and a breath rate of 160 breaths per minute. Body temperature was maintained at 37°C. A left thoracotomy was performed in the fourth left intercostal space. The pericardium was opened, and the heart was exposed. An 8-0 polypropylene suture attached to a small curved needle was passed around the left anterior descending coronary artery. Successful left anterior descending coronary artery occlusion was confirmed by ST-segment shift on the ECG (78534C Monitor, Hewlett-Packard, Palo Alto, Calif) and the appearance of myocardial pallor. After surgery, the animals were allowed to recover from anesthesia, and the endotracheal tube was removed once spontaneous breathing resumed.
Pilot Study: Cardiac Phenotype of GSK3␤-S9A Mice
Because GSK3␤ has been involved in the regulation of myocardial hypertrophy, which may alter the response to ischemia-reperfusion, we assessed myocardial wall thickness and left ventricular (LV) dimensions under baseline conditions in a subset of WT and transgenic mice (nϭ4 to 5 per group). Echocardiography was performed either with or without light anesthesia (ketamine 80 mg/kg IP). Images were acquired with a 13-MHz linear-array transducer with a digital ultrasound system (Vivid 7, GE Medical Systems, Waukesha, Wis). Conventional measurements were performed: LV end-diastolic diameter, LV end-systolic diameter, LV fractional shortening, interventricular thickness, and posterior wall thickness.
At baseline, WT and GSK3␤-S9A mice had comparable heart rates ( Table 1 ). LV end-diastolic diameter and wall thickness were similar in the 2 groups. LV end-systolic diameter, however, was significantly larger in the GSK3␤-S9A than in the WT mice, with shortening fractions being significantly lower in GSK3␤-S9A than in WT mice (Table 1 ).
Figure 1.
Polymerase chain reaction blot for GSK3␤-S9A hearts. MHC-GSK3␤ transgene expression was assessed by polymerase chain reaction using genomic DNA isolated from transgenic and nontransgenic tail biopsies. The GSK3␤-S9A mutation was confirmed by the spot at 700 to 800 bp. In addition, 15 GSK3␤-S9A and 15 WT mice were submitted to prolonged ischemia (60 minutes) and reperfusion (24 hours) to determine the cardiac phenotype under these stress conditions. During the ischemia-reperfusion protocol, the incidence of mortality averaged 60% in GSK3␤-S9A mice and 30% in WT mice (PϽ0.05). Surviving GSK3␤-S9A mice developed smaller infarcts than WT mice (PϽ0.05; Figure 2 ). We hypothesized that this infarct size limitation was related to the more pronounced heart rate reduction observed during ischemia because heart rate averaged 425Ϯ38 bpm in GSK3␤-S9A mice and 557Ϯ24 bpm in WT mice (PϽ0.05; Table  1 ). This was confirmed when we paced both GSK3␤-S9A and WT hearts at a frequency of 450 bpm with an electronic stimulator (HSE-D 7801-Hugstetten, Hugstetten, Germany) during the ischemic period. Pacing abolished the observed infarct size reduction in transgenic mice and did not affect infarct size in WT mice ( Figure 2 ). Pacing also prevented the increase in the incidence of mortality in GSK3␤-S9A mice, strongly suggesting that it was related to heart rate reduction-induced arrhythmias. We then decided to perform all further experiments by pacing the GSK3␤-S9A and WT hearts at 450 bpm during the prolonged ischemia.
Experimental Design
All animals underwent 60 minutes of coronary artery occlusion (paced at 450 bpm) followed by 24 hours of reperfusion ( Figure 3 ). Animals were randomly assigned to one of the following groups: control, postconditioning, cyclosporine A (CsA; a potent inhibitor of mPTP opening), and SB216763 (SB21; a GSK3␤ inhibitor). Control mice underwent no further intervention. Ischemic postconditioning consisted of 3 cycles of 1 minute of reperfusion and 1 minute of ischemia performed immediately after reflow. CsA, which has been demonstrated as being able to reduce infarct size when administered at the time of reflow, was used here to determine whether GSK3␤-S9A mice retain a functional permeability transition pore and whether the mPTP opening is activated downstream of GSK3␤ during reperfusion. CsA was administered intravenously 5 minutes before reperfusion at a dose of 10 mg/kg. SB21 is a potent cell-permeant competitive inhibitor of the ATP binding site of GSK3␤. 21 It was expected to be able to reduce infarct size in WT but not GSK3␤-S9A mice. SB21 was administered intravenously at a dose of 70 g/kg 5 minutes before reperfusion. Sham animals received no intervention for the whole duration of the experimentation.
After this protocol, all mice had their chests closed and were returned to the animal facilities until the end of the reperfusion period. After 24 hours of reperfusion, mice were euthanized under deep anesthesia, and the hearts were excised for determination of infarct size (nϭ66) or for assessment of calcium-induced mitochondrial permeability transition (nϭ65).
Figure 2.
Infarct size in paced vs nonpaced GSK3␤-S9A hearts. AN was expressed as the percentage of AR in different groups. When not paced, GSK3␤-S9A mice developed significantly smaller infarcts than WT. This effect was abolished by pacing. Nonpaced WT, nϭ10; paced WT, nϭ5; nonpaced GSK3␤-S9A, nϭ6; paced GSK3␤-S9A, nϭ9. *PϽ0.05 vs respective paced group. 
Techniques
Area at Risk and Infarct Size Determination
At the end of the 24 hours of reperfusion, the coronary artery was briefly reoccluded, and 0.5 mg/kg Unisperse blue pigment (Ciba-Geigy, Hawthorne, NY) was injected intravenously to delineate the in vivo area at risk (AR) as previously described. 3, 20 The heart was excised and cut into five 1-mm-thick transverse slices parallel to the atrioventricular groove. Each slice was incubated for 15 minutes in a 1% solution of triphenyltetrazolium chloride at 34°C to differentiate infarcted (pale) from viable (brick red) myocardial area. 22 Extent of the AR and area of necrosis (AN) was quantified by computerized planimetry and corrected for the weight of the tissue slices.
Preparation of Isolated Mitochondria
After 24 hours of reperfusion, hearts were excised while still beating and immediately placed in cold buffer, and AR myocardium was harvested for mitochondria isolation. Preparation of mitochondria was adapted from a previously described procedure. 3 All operations were carried out in the cold at 4°C. Briefly, myocardial AR (25 to 35 mg) placed in isolation buffer A containing 70 mmol/L sucrose, 210 mmol/L mannitol, and 1 mmol/L EDTA in 50 mmol/L Tris/HCl, pH 7.4 (1 mL buffer/15 mg tissue), was finely minced with scissors and then homogenized with a Kontes tissue grinder (Fisher Scientific, Illkirch, France). The homogenate was centrifuged at 1300g for 3 minutes. The supernatant was centrifuged at 10 000g for 10 minutes. The mitochondrial pellet was suspended in isolation buffer B containing 70 mmol/L sucrose and 210 mmol/L mannitol in 50 mmol/L Tris/HCl, pH 7.4. Protein content was routinely assayed according to the Gornall et al 23 procedure with BSA used as a standard.
Mitochondrial Oxidative Phosphorylation
Oxygen consumption in freshly isolated mitochondria was measured at 25°C with a Clark-type large-diameter Orbisphere oxygen electrode controlled chamber (Oroboros Oxygraph, Paar, Graz, Austria). Mitochondria (250 g proteins) were incubated in buffer (pH 7.4) containing 80 mmol/L KCl, 50 mmol/L 4-morpholinepropanesulfonic acid, 1 mmol/L EGTA, 5 mmol/L KH 2 PO 4 , and 1 mg/mL defatted BSA. Pyruvate (3 mmol/L), malate (3 mmol/L), and glutamate (3 mmol/L) were used as substrates that donate electrons to complex I. State 3 (200 mol/L ADP stimulated), state 4 (ADP limited), and respiratory control ratio were determined. Outer membrane intactness was calculated as the ratio of 8 mol/L cytochrome c-stimulated respiration on maximally stimulated respiration by 2 mmol/L ADP.
Citrate Synthase Activity
Citrate synthase activity was quantified in cholate-solubilized frozen mitochondria by measuring the rate of 5,5Ј-dithiobis(nitrobenzoic acid)-reactive reduced coenzyme A (412 nm) at 37°C.
Electron Microscopy
Electron microscopy was performed at the end of the preincubation period (ie, before Ca 2ϩ loading). Under these experimental conditions, samples of mitochondria were fixed for 2 hours in 2% glutaraldehyde and 100 mmol/L phosphate buffer, pH 7.4, and postfixed in 1% osmium tetroxide. Dehydration was performed in a series of ethanol and propylene oxide extractions before sample embedding in Epon. Ultrathin sections were examined with a Jeol 100 CX-II electron microscope at the Centre Commun d'Imagerie Laennec (Lyon, France).
Calcium Retention Capacity
Adapted from the description by Ichas et al, 24 calcium retention capacity (CRC) was defined here as the amount of Ca 2ϩ required to trigger a massive Ca 2ϩ release by isolated cardiac mitochondria. 25 It is used as an indicator of the resistance of the mPTP pore to opening after matrix Ca 2ϩ accumulation and expressed as nmol CaCl 2 per mg mitochondrial proteins. Extramitochondrial Ca 2ϩ concentration was recorded with 0.5 mol/L calcium green-5N, with excitation and emission wavelengths set at 500 and 530 nm, respectively. Isolated mitochondria (200 g proteins) were suspended in 2 mL buffer (150 mmol/L sucrose, 50 mmol/L KCl, 2 mmol/L KH 2 PO 4 , and 5 mmol/L succinic acid in 20 mmol/L Tris/HCl, pH 7.4). At the end of the preincubation period (90 seconds), 5-nmol CaCl 2 pulses were performed every 60 seconds. After sufficient calcium loading, extramitochondrial calcium concentration abruptly increased, indicating a massive release of calcium by mitochondria as a result of mPTP opening as previously described. 3, 26 Assessment of the mPTP resistance by CRC was performed in every experimental group (nϭ5 to 10 per group). Following the technique of Basso et al, 27 we measured CRC in the absence [CRC(ϪCsA)] or after addition of 1 mol/L of CsA in the cuvette [CRC(ϩCsA)]. These 2 measurements, which were both performed in each mitochondria sample, allowed us to address the following questions: Does the in vivo treatment (ie, postconditioning, CsA or SB21) increase the resistance of the mPTP? Any increase of CRC(-CsA) by a treatment administered in vivo indicates that this treatment has improved the mPTP resistance. Is the observed enhancement of mPTP resistance a result of an attenuation of the interaction of CypD with the mPTP? If CypD is involved, then the addition of CsA in vitro will mildly increase CRC (and to a lower extent than in sham hearts). On the other hand, if CypD is not involved, then the in vitro addition of CsA will move CRC(ϩCsA) to near sham values. Is GSK3␤ involved in any improvement in mPTP resistance? If so, whatever the treated group, this improvement will be present in WT but not in GSK3␤-S9A mitochondria.
Pharmacological Agents
CsA was dissolved in a mixture of Cremophor and 94% ethanol at 50 mg/mL and resuspended in normal saline at 1 mg/mL for intravenous injection (10 mg/kg). After dilution in dimethyl sulfoxide, SB21 was dissolved in a mixture of Cremophor (BASF, Lyon, France) and 94% ethanol at 350 g/mL and resuspended in normal saline at 7 g/mL for intravenous injection (70 g/kg).
Statistical Analysis
All values are expressed as meanϮSEM. Comparisons among groups were performed with 1-way ANOVA. When a significant F value was obtained, means were compared by use of Tukey test. The difference in the relationship between infarct size and the AR was evaluated by ANCOVA, with the AN (expressed in mg) as the dependent variable and AR (expressed in mg) as the covariate. Statistical significance was defined as a value of PϽ0.05.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Mortality and Exclusions
One hundred thirty-one mice were included in the study: 66 in the infarct size protocol and 65 in the mitochondria protocol. The mortality rate in the infarct size protocol averaged 17% (7 of 41) in WT compared with 22% (9 of 41) in GSK3␤-S9A mice. No difference among groups was found relative to the incidence of mortality.
Infarct Size in GSK3␤-S9A
In WT mice, the AR was comparable among groups, ranging from 35Ϯ2% to 43Ϯ3% of the LV weight. As expected, postconditioned hearts developed significantly smaller infarcts, the size of which averaged 39Ϯ2% versus 58Ϯ5% in controls (PϽ0.05; Figure 4A ). Both CsA and SB21 reduced infarct size to a comparable extent compared with postconditioning, averaging 35Ϯ5% and 37Ϯ4% of the AR weight, respectively (PϽ0.05 versus control; Figure 4A ).
In GSK3␤-S9A mice, AR was comparable among groups, ranging from 32Ϯ2% to 43Ϯ3% of the LV weight. In control GSK3␤-S9A mice, infarct size averaged 66Ϯ7% of the AR and was comparable to that observed in WT control (PϭNS; Figure 4B ). CsA significantly reduced infarct size that averaged 36Ϯ7% of AR (PϽ0.05 versus control). In contrast, both postconditioning and SB21 failed to trigger protection in GSK3␤-S9A mice, with infarct size averaging 51Ϯ5% and 61Ϯ7% of AR in postconditioning-and SB21-treated GSK3␤-S9A mice, respectively (PϭNS versus control; Figure 4B ).
Study of Isolated Mitochondria
Balanced Isolation Procedure in Experimental Groups
Electron microscopy showed no morphological difference between cardiac mitochondria isolated from GSK3␤-S9A and WT mice ( Figure 5 ). The mitochondrial protein yield was comparable in WT and GSK3␤-S9A hearts, averaging 19.7Ϯ2.3 and 18.2Ϯ1.3 g protein per mg wet weight, respectively (PϭNS). To address whether the recovery of mitochondria after the isolation procedure was similar in WT and GSK3␤-S9A hearts, the enzyme cytology approach of Deduve 28 was performed with the citrate synthase of the mitochondrial matrix used as a marker enzyme. The specific activity of citrate synthase was comparable between the 2 WT and GSK3␤-S9A sham groups, averaging 2605Ϯ377 and 2189Ϯ130 mU/mg, respectively (PϭNS). In addition, the outer membrane intactness, measured as the maximal rate of cytochrome oxidase activity, was comparable between WT and GSK3␤-S9A mice ( Table 2) . Oxidative phosphorylation was similar in WT and GSK3␤-S9A mice at baseline ( Table 2) . Taken together, these data indicate that WT and GSK3␤-S9A mitochondria were comparable after the isolation procedure.
Calcium Retention Capacity
In WT animals, as expected, ischemia-reperfusion resulted in a significant reduction in CRC(ϪCsA) compared with sham ( Figure 6 ). The postconditioning, CsA, and SB21 groups exhibited a significant increase in CRC(ϪCsA). In GSK3␤-S9A mice, sham mitochondria displayed CRC(ϪCsA) comparable to that of WT mice. Ischemia-reperfusion resulted in a comparable decrease in CRC(ϪCsA) in GSK3␤ and WT mice. In contrast to WT mice, only CsA, but neither postconditioning nor SB21, improved CRC(ϪCsA).
In WT mitochondria, CRC(ϩCsA) also was significantly decreased in control when compared with sham animals. In the 3 treated groups (postconditioning, CsA, SB21), CRC(ϩCsA) significantly increased to near sham values (PϽ0.05 versus control). In GSK3␤-S9A sham mitochondria, CRC(ϩCsA) was very similar to that of WT. Unlike what was observed in WT, CRC(ϩCsA) improved to near sham values only in the CsA group, but not in the postconditioning or SB21 group ( Figure 6 ). However, the difference between CRC(ϩCsA) and CRC(-CsA) was comparable among groups in GSK3␤ mice.
Discussion
This study demonstrates that the inhibition of GSK3␤ by postconditioning is required for infarct size reduction and likely acts by preventing opening of the mPTP at reperfusion independently of CypD.
Inhibition of GSK3␤ Is Required for Infarct Size Reduction by Postconditioning
Studies have demonstrated that, after a prolonged ischemic insult, the phosphorylation of certain prosurvival kinases in the early minutes of reperfusion such as PI3K-Akt and the mitogen-activated protein kinase p42/p44 extracellular signal-regulated kinases 1 and 2 protects the heart against ischemia-reperfusion injury. 13 Reports have proposed that GSK3␤ may be activated downstream of this signaling pathway and play a pivotal role in ischemic preconditioning. Tong et al 18 demonstrated in the isolated rat heart model that ischemic preconditioning enhances the phosphorylation and decreases the enzymatic activity of GSK3␤ and that lithium and SB21, which inhibit GSK3␤, can both mimic ischemic preconditioning. Nishihara et al 29 showed that ischemic preconditioning increases phosphorylation of Akt and GSK3␤ at 5 minutes of reperfusion and subsequently reduces infarct size in the in vivo rat heart.
In the present study, results obtained in WT animals demonstrate that ischemic postconditioning can protect the mouse heart to an extent similar to that previously reported in other species, including humans. 1, 2, 4 Pharmacological inhibition of GSK3␤ by SB21 was as efficient as ischemic postconditioning, in agreement with previous reports by Gross et al 30 and Pagel et al 31 in the rat and rabbit model, respectively. However, a direct implication of GSK3␤ in postconditioning had not been reported yet. We demonstrated here that GSK3␤-S9A mice, which have a cardiac GSK3␤ activity that cannot be inhibited by phosphorylation at serine 9, cannot be protected by postconditioning. In addition, administration of SB21, which is a potent competitive inhibitor of the ATP binding site of GSK3␤, at the time of reperfusion significantly limited infarct size in WT but not in GSK3␤-S9A mice. This demonstrates that inhibition of GSK3␤ at the time of reflow is a key event in postconditioning.
We noticed that GSK3␤-S9A mice exhibited a significant heart rate reduction, together with frequent supraventricular ectopic beats after anesthesia. They also displayed a slight increase in LV end-systolic diameter dimension and a mild alteration of contractile function, as already reported by Michael et al. 32 These authors further showed that GSK3␤-S9A mice cardiomyocytes displayed an increased cytosolic calcium concentration, together with a reduced speed of the decrease in Ca 2ϩ concentration in diastole, likely related to an abnormal expression of SERCA2a. 32 One may wonder whether this dysregulation of calcium handling may have played a role in the genesis of the rhythm disturbances that we observed in GSK3␤-S9A mice. Although other differences might exist between GSK3␤-S9A and WT mice that were not measured in the present study, cardiac pacing abolished both the baseline rhythm abnormalities and the bradycardia-induced anti-ischemic protection that we observed in our pilot experiments, indicating that this cardiac phenotype likely did not bias the results of our study.
Postconditioning Inhibits mPTP Opening Through Phosphorylation of GSK3␤ in a CypD-Independent Manner
mPTP opening is a crucial event in lethal reperfusion injury. 33 We previously demonstrated that postconditioning inhibits opening of the mPTP, and inhibitors of mPTP opening (eg, CsA) can mimic postconditioning when administered at the time of reperfusion. 2, 3, 6, 11 Because GSK3␤-S9A hearts could not be protected by postconditioning, we hypothesized that phosphorylation of GSK3␤ might reduce infarct size through the inhibition of mPTP opening. We analyzed the resistance of the mPTP to opening after Ca 2ϩ overload in mitochondria isolated from the risk region in myocardium of mice from all experimental groups.
At baseline, mitochondria of GSK3␤-S9A and WT mice displayed similar morphology on electron microscopy, together with comparable oxidative phosphorylation. WT and GSK3␤-S9A sham mitochondria exhibited comparable resistance of the mPTP with or without the addition of CsA, indicating that the function of mitochondrial permeability transition was comparable in these 2 types of mice under normoxic conditions. As previously demonstrated by Gomez et al, 3 postconditioning significantly improved the resistance of the mPTP in WT mice. As expected, this protection was mimicked by the in vivo administration of the mPTP inhibitor CsA, which both reduced infarct size and enhanced mPTP resistance in isolated mitochondria. The GSK3␤ inhibitor SB21 ameliorated mPTP resistance in WT mitochondria to an extent similar to that achieved with postconditioning.
In WT mitochondria, because the addition of CsA in vitro further significantly improved the mPTP resistance in both postconditioning and SB21 groups, one can conclude that these 2 treatments were protective independently of any action on CypD. It is not surprising to see that the addition of CsA in vitro did not increase the mPTP resistance much in the CsA group because here CypD had been partially inhibited by the in vivo administration of this powerful inhibitor of mPTP opening.
In GSK3␤-S9A mice, the addition of CsA in vitro improved the resistance of the mPTP to a comparable extent in control, postconditioning, and SB21 mice compared with the sham group, indicating the absence of action via CypD. This result also indicates that GSK3␤-S9A mitochondria retain the ability of being protected against lethal reperfusion injury by mPTP inhibition and demonstrates that GSK3␤ is located upstream of the mPTP. Importantly, the resistance of the mPTP in the postconditioning and SB21 groups remained significantly less than that in corresponding WT mitochondria. This demonstrates that GSK3␤ regulates the mPTP opening independently of CypD. The fact that SB21 could not prevent mPTP opening in GSK3␤-S9A mitochondria is in agreement with data from Juhaszova et al, 12 who demonstrated that direct inhibitors of GSK3␤, like lithium or SB21, were able to inhibit mPTP opening in WT but not in GSK3␤-S9A cardiomyocytes. 34 Our results demonstrate that phosphorylation of GSK3␤ is required to inhibit mPTP opening by postconditioning. It is worth noting that postconditioning and preconditioning share common protective mechanism in this regard. Juhaszova et al, 12 who measured the time to mPTP opening after laser exposure in adult myocytes isolated from GSK3␤-S9A mice hearts, reported that hypoxic preconditioning could not prevent the reduction of the time to mPTP opening in GSK3␤-S9A mice as opposed to WT mice. Our results also are supported by a recent study by Park et al, 35 who demonstrated, using both isolated rat hearts and isolated cardiomyocytes, that pharmacological postconditioning by bradykinin was associated with an increased phosphorylation of GSK3␤ and Akt and an inhibition of mPTP opening as assessed by the loss of the inner mitochondrial membrane potential after calcium loading.
How GSK3␤ may inhibit mPTP opening at the time of reperfusion remains unclear. Juhaszova et al 12 proposed that GSK3␤ would be localized on mitochondria and possibly associated with the adenine nucleotide translocator and the voltage-dependent anion channel, which are supposed to be 2 major components of the permeability transition pore complex. Recently, Nishihara et al 36 reported, using the isolated rat heart model, that ischemic preconditioning enhanced phosphorylation of GSK3␤ at 5 minutes after reperfusion and that the phosphorylated GSK3␤ cosegregates with adenine nucleotide translocator (but not voltage-dependent anion channel). Whether this also applies to postconditioning, how postconditioning may prevent interaction of these different components of the mPTP, and how this might prevent pore opening remain to be clarified.
Conclusions
Using a transgenic mouse model of reperfused myocardial infarction, we demonstrated that serine 9 phosphorylation of GSK3␤ is required for cardioprotection by postconditioning and likely acts by inhibiting opening of the mPTP at the time of reperfusion in a CypD-independent way. Because recent reports indicate that postconditioning can protect the human heart, the present data represent an encouraging background for the search for and future development of pharmacological agents that would attenuate lethal reperfusion injury in patients with ongoing AMI.
